ABSTRACT With a focus on predicting the degradation of rubber performance in the natural environment and evaluating its reliability, the distribution law of accelerated aging life is analyzed through the accelerated aging test of hot oxygen. A Weibull distribution model is then established to verify the consistency of the accelerated aging mechanism. Through the constant stress accelerated aging test data, the aging characteristics of the rubber under alternating thermal stress load in the natural environment are inferred. The concept of thermal stress amplitude coefficient is proposed, and its numerical value is calculated by the combination of numerical simulation and single-peak curve fitting. Under the principle of time-temperature equivalence, the segmentation time equivalent method and the overall temperature equivalent method are employed to calculate the rubber performance degradation curve under natural environment aging conditions. Finally, according to the Weibull distribution, the aging reliability of the rubber over time is simulated. This research can provide a reference for the aging reliability evaluation of products under alternating stress.
I. INTRODUCTION
Rubber is a renewable and reusable polymer material. It is widely used in vibration isolation, sealing and insulation of industrial products due to its excellent mechanical properties and relatively low cost [1] , [2] . However, factors such as heat, oxygen, humidity, salt spray and mechanical stress in the working environments of rubber products inevitably corrode rubber. Thus, the performance of rubber gradually declines until failure [3] - [5] . Therefore, the development of an accurate evaluation process for the service life and reliability of rubber products is of considerable engineering significance and theoretical value.
Indoor accelerated aging and natural environment aging of rubber have been extensively studied in this field. The consistency of indoor and outdoor aging mechanisms, macroscopic and meticulous characterization of aging, aging protection systems and life prediction methods have been
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evaluated [6] - [9] . However, temperature is usually assumed constant in the natural environment aging of rubber, which is unlikely in reality. Moreover, the dispersibility exhibited by rubber in accelerated aging tests has not been highlighted in the research.
Accelerated life test(ALT) and Accelerated Degradation Test(ADT) methods show great potential in the field of product reliability assessment. At present, research on ALT and ADT focuses on stochastic process modeling [10] - [12] , experimental optimization design [13] - [19] and engineering applications of ALT and ADT [20] - [23] . The key points in ALT and ADT modeling are acceleration model selection [24] , mechanism consistency verification [25] - [28] and model parameter estimation [29] . Commonly used acceleration models include Arrhenius model, Eyring model, inverse power model and polynomial model [24] . Mechanism consistency verification methods mainly include activation energy invariant methods, gray correlation methods and statistical hypothesis testing methods [28] . Model parameter estimation methods include maximum likelihood estimation(MLE) method, Bayesian method, expectation maximum(EM) method and intelligent method. Reference [30] proposes the use of an improved Peck to evaluate the reliability of rubber under temperature and humidity acceleration. In [31] , a time-varying Copula function is used to establish a reliability evaluation model for the degradation of rubber binary acceleration performance. Literature [32] used the Gamma process stochastic model to establish a reliability assessment model for rubber accelerated degradation. In [33] , Monte Carlo method was used to optimize the multi-acceleration performance degradation test of sealing rubber. In summary, ADT and ALT have many successful applications in engineering, but the research on ADT and ALT applied to rubber reliability evaluation needs further research.
In this paper, based on the constant hot air accelerated aging test data, the pseudo-failure life of rubber under different acceleration temperatures is statistically analyzed, and a Weibull distribution model is established in consideration of the dispersion of life distribution. The mechanism consistency of accelerated aging is then verified. Ambient temperature is fitted according to the temperature change of an actual storage environment. Under the premise that the activation energy is unchanged, the concept of thermal stress amplitude coefficient is introduced, equivalent temperature is calculated and the performance degradation of alternating thermal stress is iteratively calculated. The performance degradation curves obtained by the segmentation equivalent time method and the overall equivalent temperature method are compared. Finally, the reliability of the rubber over time is evaluated according to the dispersion of life distribution.
II. RUBBER ACCELERATED AGING LIFE DISTRIBUTION MODELLING A. RUBBER ACCELERATED AGING PSEUDO-LIFE CALCULATION
The seal aging data in the literature [34] are adopted. The accelerated test temperatures are 50 • C, 60 • C, 70 • C and 80 • C. The permanent compression deformation of eight rubber seal samples is measured with time. The rubber specimen is mounted in a jig and subjected to a fixed compressive load, with the compression ratio is controlled by the height of the limiter installed in the fixture. The jig containing the sample is placed in a high temperature aging oven. After aging for a certain period of time at a given temperature, it is taken out and decompressed at room temperature, and allowed to stand for a while. Next, the height of the test is measured, and the compression set is calculated by the relationship between the height of the sample before and after aging. Figure 1 shows the performance degradation curves of 32 rubber seals at four temperatures. As depicted in the figure, the aging speed of the rubber sealing is related to the temperature, and the performance degradation of each sample under each test temperature has a certain dispersion.
Commonly used quantitative description and prediction methods for rubber aging performance decline include the dynamic curve, function fitting and neural network methods [35] - [37] . For improved modelling efficiency, the kinetic curve method is used to simulate aging performance in this work.
In Formula (1), y is the compression set ratio, which is the amount of performance decline selected in the study. k 0 is the regression constant, t is the time and T is the Kelvin temperature. ω is a power exponent. The linearity of the regression of (1) can be adjusted by ω. The value of ω is generally between 0 and 1. The optimal ω value can be determined by Equation (2) .
In Equation (2),ŷ is the amount of compressive permanent deformation fitted by the regression equation, and ω in Equation (2) is obtained by minimizing the sum of squared errors of the measured and predicted values. The optimal ω value can usually be obtained by the grid or nonlinear optimization method. The optimal solution ω = 0.3978 is calculated by a genetic algorithm in this study.
In Formula (1), k(T ) is a reaction rate related to the acceleration temperature, which satisfies the Arrhenius equation of Formula (3).
In Formula (3), k 1 is a regression coefficient, E a is the activation energy of the reaction and R is the ideal gas constant.
According to Equation (1), the 32 performance decay trajectories in Figure 1 are linearly regressed. The performance decay regression function is used to calculate the aging time when the compression set rate reaches 30%, and this value is the pseudo-failure life under each track. Table 1 shows the results of the pseudo-lifetime values of the 32 samples at different temperatures.
The regression coefficients of the compression set data at four different acceleration temperatures are averaged, and the regression coefficients at different acceleration temperatures are obtained, as shown in Table 2 .
According to the data of the reaction rate in Table 2 , the regression function of the reaction rate is obtained by using Equation (3) and is brought into Equation (1) to obtain a regression function of performance degradation with time and temperature, which is shown in Formula (4).
In Formula (4), the value of k 0 is taken as the average value of the data at four acceleration temperatures.
B. WEIBULL DISTRIBUTION FITTING OF PSEUDO-LIFETIME
Rubber natural environment aging testing consumes considerable time and effort. Thus, the accelerated life test and the accelerated degradation test are introduced into the field of rubber aging modelling and reliability evaluation to improve the product development speed and reduce the test cost of reliability evaluation. During the accelerated test, the performance degradation of the rubber shows a certain degree of dispersion. Therefore, statistical theory is employed to the accelerated aging test data analysis of rubber. In such projects, commonly used statistical life distributions include normal, lognormal, exponential, Rayleigh, Poisson, extreme value and Weibull distributions. Among them, the Weibull distribution model is relatively adaptable, being capable of approximating the rest distribution. Therefore, the Weibull distribution is used to model the aging pseudo-life of the rubber here.
Equations (5) and (6) show the probability density function and the cumulative probability distribution function, respectively, of the 2-parameter Weibull distribution.
In Equation (5), x is the independent variable, η is the scale parameter and β is the shape parameter.
From the pseudo-failure life distribution data in Table 1 and the distribution density equation of Equation (5), the scale and shape parameters of the 2-parameter Weibull distribution are identified by the nonlinear least squares method. Table 3 shows the parameter identification results for the pseudo-failure life distribution at four acceleration temperatures. In addition, for verifying the goodness of fit of the Weibull distribution, the KS test is performed on the Weibull distribution results of each group. The significance level is 0.05, with which the p-values are calculated accordingly. The p-values of each group are greater than the significant index. Therefore, the Weibull distribution is rational. Table 3 . The Weibull distribution of the pseudo-failure life at different temperatures is well fitted. Thus, the pseudo-failure life distribution model established by the Weibull distribution model is feasible.
III. ACCELERATION MECHANISM CONSISTENCY VERIFICATION
The basic idea of the rubber acceleration test is to use high-temperature thermal stress to accelerate the performance degradation process of the rubber, and to VOLUME 7, 2019 exchange temperature and time, that is, the time-temperature equivalence principle. The premise for the application of this principle is that the mechanism of the accelerated test and extrapolated low-temperature aging at high temperature is consistent. For verifying the consistency of the accelerated test mechanism, methods such as grey theory, statistical inference and microstructure analysis are introduced into the study, and a series of results is obtained [26] , [28] . The pseudo-failure life of the rubber studied in this work obeys the Weibull distribution at different temperatures. For validating the consistency of the mechanism at each accelerated temperature, the following analysis is performed.
Let F i (x i ) and F j (x j ) be the probability distribution functions of the samples obtained by the accelerated test at temperatures T i and T j , respectively. Without loss of generality, set the temperature T i > T j ; then, by the time-temperature equivalence principle, the acceleration coefficient a ij of temperature T i versus temperature T j is shown in Equation (7).
For ensuring the consistency of the failure mechanism, x i and x j in Equation (7) are brought into the expression of the probability distribution function of the Weibull distribution Equation (6) . The probability distribution functions at two different temperatures should be equal, that is,
Formula (7) is brought into Formula (8) and then simplified.
For guaranteeing the identity of Equation (9), the scale parameter η and the shape parameter β of the Weibull distribution must satisfy the following conditions:
Equations (10) and (11) are the parameter conditions for the consistency of the accelerated test mechanism under the Weibull distribution. The meaning expressed is that the acceleration mechanism is consistent only if the scale parameter ratio at each acceleration temperature is equal to the acceleration coefficient and the shape parameters at each acceleration temperature are constant at the same time. Tables 4 and 5 show the results of the consistency check of the shape and scale parameters mechanism, respectively, according to the results of Table 2 . In Table 4 , the shape parameter dispersion coefficient is defined as the ratio of the shape parameter at a certain temperature to the mean value of the shape parameter at all acceleration temperatures. The closer the shape parameter dispersion coefficient is to 1, the smaller the dispersion of the shape parameter, that is, the better the consistency. Table 4 shows that the dispersion coefficients of the shape parameters at the four temperatures range from 0.75 to 1.3, indicating that the shape parameters of the pseudo-life Weibull distribution have good consistency under different acceleration temperatures. To further examine the reasonability of the shape parameters common assumption, likelihood ratio(LR) test is adopted [26] . Each elevated temperature pseudo-life data is compared to the 50 • data, which is the closest data to natural aging life. Under the null assumption that the two data sets are from two Weibull distributions with the same shape parameter. The p-values of tests shown in Table 4 indicating that there is no enough evidence to reject the null assumptions under the confidence level α = 0.05. The acceleration coefficient in Table 5 is calculated by using Equation (7) . If the acceleration mechanism is consistent, then the acceleration coefficient calculated from the scale parameter ratio of Equation (11) should be consistent with the result of Equation (7), and the dispersion coefficient of the scale parameter ratio should be close to 1. The scale parameter ratio dispersion coefficient is in the interval of 1-1.45, verifying the consistency of the scale parameter ratio. From the above test of the shape and scale parameter ratios, the consistency of the high-temperature accelerated aging mechanism of the rubber is confirmed.
The Arrhenius model shown in Equation (3) is the most widely used acceleration model in rubber acceleration testing. It can extrapolate high-temperature acceleration data to normal temperature and predict the aging performance degradation at normal temperature. The Arrhenius equation essentially reflects the nonlinear equivalence of time and temperature. In practical applications, the left side of the Arrhenius equation can be expressed by the time scale parameter θ shown in Equation (12) , which can be a median life, average life, reaction rate or acceleration ratio parameter. When different time scale parameters θ are selected for regression analysis, the physical meanings and values of the regression coefficients obtained by parameter identification are different and cannot be confused. For obtaining the law of the scale parameter of the Weibull distribution with temperature, the scale parameter is considered a time scale parameter to fit at different temperatures as shown in Equation (13) .
In Formula (13), η(T ) is a function of the shape parameter related to the Kelvin temperature T , and A, B are regression coefficients. According to the shape parameter data in Table 3 , the regression coefficients of Equation (13) are obtained by the least squares method. Equation (14) shows the regression result of the shape parameter. The scale parameters of the pseudo-failure life Weibull distribution obtained when extrapolated from Equation (14) at temperatures of 20 • C, 25 • C and 30 • C are shown in Table 6 . Figure 3 depicts the values of the scale parameters at each temperature, which are shown in Tables 3 and 6 . The shape parameters are set to the mean values of the shape parameters in Table 4 . Moreover, the pseudo-failure probability density curves at each acceleration temperature are created, and three extrapolated failure life probability density curves at low temperature are shown. Figure 4 is a three-dimensional plot of the probability density of the pseudo-failure life as a function of time and aging temperature.
As seen from Figures 3 and 4 , the logarithmic probability density curves at various temperatures show good geometric similarity when the aging mechanism is consistent. According to the logarithmic probability density curve of the pseudo-failure life distribution at different temperatures, the consistency of the mechanism of aging can be further verified visually.
IV. PREDICTION OF AGING PERFORMANCE IN NATURAL ENVIRONMENT
Temperature is the main influencing factor of thermal oxygen aging. A warehouse is in a natural environment, and its temperature varies with the season. For establishing the regression model of the temperature in the warehouse, the sinusoidal function shown in Equation (15) is used to calculate the temperature data of the measured warehouse. The actual warehouse temperature data are derived from [37] .
In Formula (15), t is the number of days, and f 1 , f 2 , f 3 and f 4 are regression coefficients. The coefficients of the warehouse temperature regression equation obtained by applying the VOLUME 7, 2019 nonlinear least squares method using the measured warehouse temperature are shown in Table 7 . Figure 5 shows the comparison between the measured values of the warehouse temperature and the fitted values. The sine function can be used to fit the relationship between the actual temperature of the warehouse and time. Since the temperature of the natural environment is alternating, the sine function fitting is applied in this paper. The period of temperature change in the natural environment can be estimated by f 2 in equation (15) . The calculated temperature change period is 2π/f 2 = 266 days (9 months). For the alternating frequency of thermal stress is low, the damage is mainly chemical aging, whereas the load of fatigue failure is usually the physical damage caused by mechanical stress. Therefore, in calculating the deterioration of rubber performance under the action of alternating thermal stress in the natural environment, the equivalent temperature method is adopted, and the aging of the variable thermal stress is equivalent to the aging problem of constant thermal stress.
For predicting the change value of rubber performance degradation in the warehouse environment with time after the change rule of temperature with time is determined, the idea of piecewise iterative calculation is adopted, and the calculation of performance decline is calculated by the number of days. The calculation process is shown in Figure 6 . The daily performance degradation equation is provided by Equation (4) . Before calculation of the daily performance degradation amount, the performance cumulative amount up to the previous day is equivalent to the current temperature, and the equivalent time t e is calculated. T e +1 is the input time for the current performance degradation calculation. The essence of the above method is to solve the equivalent time when the cumulative performance degradation amount y c is reached every day. Therefore, the above method is defined as the equivalent time method. According to the principle of time-temperature equivalence, the time equivalence method can be used to calculate the performance degradation under the action of alternating stress. The temperature equivalence method can also be used to calculate the performance degradation under the action of alternating stress. Figure 7 presents a flowchart for calculating the performance degradation by the equivalent temperature method. The essence of the calculation is the calculation of the equivalent temperature T e , that is, the equivalent temperature at which the performance degradation reaches the current value under the current cumulative aging time. The equivalent time method is a piecewise equivalent, and the equivalent temperature method is the overall equivalent. For verification of the effectiveness of the proposed method in estimating the degradation of alternating stress aging performance by constant stress accelerated aging, the data in Figure 8 are compared with the measured data of natural aging. The figure shows that the equivalent time method is segmental equivalent, so the performance decline curve is of wave type and monotonically increasing. Meanwhile, the equivalent temperature method is the overall equivalent, and its performance degradation curve shows a smooth exponential growth. According to [37] , the rubber is stored in a warehouse for an average of 135 days. The performance degradation rate is 15.51%, and the performance degradation rate calculated by the equivalent temperature method in Figure 8 is 16.42%. The absolute error of the measured data and the simulated data is 0.91%. Thus, the method used in this study is correct.
For improving the calculation efficiency of the equivalent temperature method, the equivalent temperature law under different aging time is studied. With reference to the equivalent stress concept commonly used in the field of fatigue mechanics, the concept of thermal stress amplitude coefficient δ is proposed, with which the equivalent temperature T e is expressed as a function of the average temperature T m and the temperature amplitude T a , as shown in Equation (16) .
The expression of temperature amplitude T a in Formula (16) is shown in Formula (17) .
In Formula (17), T max and T min are the highest and lowest temperatures, respectively.
With the equivalent temperature value calculated by the iteration of Figure 7 brought into Equation (16), the thermal stress amplitude coefficient can be obtained as shown in Equation (18) .
A numerical solution of the thermal stress amplitude coefficient over time can be obtained from Equation (18) . The numerical solution exhibits a unimodal function law, with which the single-peak function shown in Equation (19) can fit the thermal stress amplitude coefficient well.
In Equation (19), δ 0 , δ 1 , δ 2 , δ 3 , and δ 4 are regression coefficients. The thermal stress amplitude coefficient data estimated by the 10-year aging performance degradation data and the regression coefficient values are obtained by nonlinear regression calculation using Equation (19) , as shown in Table 8 . Figure 9 shows a comparison between the numerical calculation findings of the thermal stress amplitude coefficient and the fitting results. After the thermal stress amplitude coefficient is obtained, for the performance degradation calculation at any length of time, the tedious iterative calculation can be avoided, and the equivalent temperature at a given aging time length can be quickly obtained directly by Equation (19) . To dig deeper into the physical connotation of equivalent temperature, the application of the time-temperature equivalence principle in the prediction of aging performance under the action of alternating temperature stress is discussed, VOLUME 7, 2019 starting from the rubber-aged Arrhenius equation.
The expression for calculating the theoretical equivalent temperature T ee from Equation (20) is shown in Formula (21).
Equation (21) shows that the theoretical equivalent temperature is related not only to the change of temperature g(t) over time, but also to the activation energy E a . Figure 10 compares the alternating temperature T r obtained from sinusoidal function fitting, the average temperature T m , the theoretical equivalent temperature T ee , and the equivalent temperature T e obtained from the numerical calculation. As seen in the figure, the numerical equivalent temperature T e is geometrically composed of the upper envelope of the theoretical equivalent temperature T ee . The reason for this phenomenon is that the initial value and cumulative effect of the temperature are not considered in the calculation of the theoretical equivalent temperature. Therefore, the numerical equivalent temperature method is more in line with the actual situation.
V. RELIABILITY ASSESSMENT
The rubber performance reliability expression under Weibull distribution is shown in Equation (22) [15] .
Under the condition of acceleration mechanism consistency, the reliability expression considering the influence of temperature T can be rewritten as shown in Equation (23) . Figure 11 shows the variation of reliability over time under constant stress and low temperature aging. As seen in Figure 11 , when temperature increases, the time required for the reliability to fall to critical reliability is shortened. Therefore, the greater the temperature, the higher the failure rate of the rubber. On the basis of the constant stress acceleration test, the Weibull distribution life failure model is used to evaluate the natural environment aging reliability under alternating stress. Similar to the analysis of the performance degradation under the above alternating stress, the iterative calculation of reliability is performed via the time separation equivalent method and the integral temperature equivalent method. Figure 12 shows the decay curve of rubber reliability with time under the alternating temperature stress of the warehouse, and compares the difference between the equivalent time method and the equivalent temperature method in calculating the reliability decline. The law disclosed in Figure 12 is similar to the calculation performance decay, indicating that the method of evaluating the reliability of the rubber by the equivalent temperature method is feasible. As shown in Figure 12 , the time when the reliability is degraded to 0.9 is 3 years. According to the given reliability degradation threshold, the optimal replacement period of rubber parts can be derived. This process provides a scientific basis for product life prediction and life extension.
VI. CONCLUSIONS
(1) The 2-parameter Weibull distribution can be used to describe the failure life of rubber accelerated aging. In addition, the consistency of the aging mechanism can be verified at the same time by the same shape parameters and the scale parameter ratio equal to the acceleration coefficient. (2) On the basis of the time-temperature equivalence principle, the segmentation time equivalent method and the overall temperature equivalent method can be used to predict and evaluate the performance degradation and reliability of rubber aging. (3) The proposed thermal stress amplitude coefficient concept can calculate the equivalent temperature under alternating thermal load, thereby establishing a foundation for the fast and accurate calculation of natural aging values under alternating stress through constant stress accelerated aging data. The research can provide reference for aging modelling and reliability evaluation of related polymer materials.
